Numerous xenobiotics, including therapeutics agents, are substrates for bioactivation to electrophilic reactive intermediates that may covalently modify biomolecules. Selective estrogen receptor modulators (SERMs) are in clinical use for long-term therapy of postmenopausal syndromes and chemoprevention and provide a potential alternative for hormone replacement therapy (HRT). Raloxifene, in common with many SERMs and other xenobiotics, is a polyaromatic phenol that has been shown to be metabolically bioactivated to electrophilic and redox active quinoids. Nucleic acid and glutathione adduct formation have been reported, but little is known about protein covalent modification. A novel COATag (covert oxidatively activated tag) was synthesized in which raloxifene was linked to biotin. The COATag was reactive toward a model protein, human glutathione-S-transferase P1-1, in the presence but not the absence of monooxygenase. The covalent modification of proteins in rat liver microsomal incubations was NADPH-dependent implicating cytochrome P450 oxidase. The COATag facilitated isolation and identification of covalently modified microsomal proteins: cytosolic glucose regulated protein (GRP78/BiP), three protein disulfide isomerases, and microsomal glutathione S-transferase 1. Oxidative metabolism of raloxifene produces reactive intermediates of sufficient lifetimes to covalently modify proteins in tissue microsomes, behavior anticipated for other polyaromatic phenol xenobiotics that can be tested by the COATag methodology. The combined use of a COATag with a simple biotin-linked electrophile (such as an iodoacetamide tag) is a new technique that allows quantification of protein covalent modification via alkylation vs oxidation in response to xenobiotic reactive intermediates. The identification of modified proteins is important for defining pathways that might lead alternatively to either cytotoxicity or cytoprotection.
Introduction
Hormone replacement therapy (HRT) represents a centerpiece in contemporary women's healthcare, but recent revelations from the Women's Health Initiative have seriously questioned the benefits of HRT when compared to elevated risks demonstrated in these clinical trials, including increased breast cancer and stroke (1) . Postmenopausal therapeutic targets for HRT include osteoporosis, for which the selective estrogen receptor modulator (SERM), raloxifene, provides a clinical alternative (2) . Moreover, raloxifene is currently in clinical trials for the prevention of breast cancer in high risk women (STAR trial; studies on tamoxifen and raloxifene) and for reduction of cardiovascular disease risk factors (RUTH trial). SERMs represent promising potential clinical substitutes for current HRT agents.
The prototype SERM, tamoxifen, is an estrogen antagonist in breast tissue, has been used clinically in all stages of breast cancer, and is being used as a chemopreventive agent in women at risk of developing breast cancer (3) ; however, prolonged use of tamoxifen has been associated with the development of uterine cancer and an increase in the incidence of endometrial cancer (4, 5) . The active, oxidative metabolite, 4-hydroxytamoxifen, is a polyaromatic phenol that can be oxidized further to quinoid reactive intermediates that have been observed to form glutathione (GSH) conjugates and nucleic acid adducts (6) . The detection of DNA adducts in women on tamoxifen therapy supports a genotoxic pathway resulting from oxidative bioactivation of tamoxifen (7) .
In addition to tamoxifen and raloxifene, later generation SERMs including arzoxifene and acolbifene are currently in clinical studies or usage for postmenopausal syndromes including osteoporosis and dyslipidemia. These SERMs, in common with equilenin, an equine estrogen component of the HRT agent Premarin, are polyaromatic phenols that are expected to undergo oxidative bioactivation to generate redox active and electrophilic quinoid metabolites (Scheme 1) (8) . The formation of adducts with GSH and nucleic acids has been confirmed in vitro for the major phase I metabolite of equilenin, 4-hydroxyequilenin, as well as for 4-hydroxytamoxifen, raloxifene, acolbifene, and arzoxifene (8) (9) (10) (11) (12) (13) . Identification of adduct formation with proteins is less straightforward. Protein covalent modification by raloxifene was not confirmed for P450 3A4, despite raloxifene being a substrate and an irreversible inhibitor of this isozyme (13) . Indeed, a recent study claimed the first direct mass spectrometric evidence for the covalent modification of cytochrome P450 3A4 by xenobiotics, using two model compounds (14) .
Many other xenobiotics are bioactivated to electrophilic reactive intermediates, which may covalently modify biomolecules, including those that form quinoids, such as acetaminophen and diclofenac (15) . Demonstration of covalent modification of cellular proteins usually relies on use of radioligands, which has many limitations. We have sought to establish a general approach for the quantitative analysis and identification of modification due to formation of oxidative metabolites of xenobiotics employing immunolabeling and LC-MS-MS (Scheme 2). This simple approach uses a "covert oxidatively activated tag" (COATag) that requires synthesis of a molecule containing the xenobiotic and a biotin linker moiety (Scheme 3). The hypothesis is that the COATag will not be inherently reactive toward cellular proteins; however, in the presence of cellular or exogenous oxidants, the COATag will covalently modify proteins. The utility is that the COATagged proteins can be identified by immunofocusing, immunoblotting, and mass spectroscopic analysis.
The COATag represents a covert or masked quinoid electrophile. Conversely, a bare electrophilic reagent, such as iodoacetamide attached to a biotin linker (IAtag), will react with cellular protein thiols without need for bioactivation and, furthermore, will show decreased reactivity in the presence of oxidants because of protein thiol oxidation (16) (Scheme 4). The combined application of a COATag with the IAtag allows assessment of protein modification by both covalent adduction and protein oxidation. Thus, for the example depicted in Scheme 4,
Scheme 1. (A) Structures of SERMs and Equilenin and (B) Quinoid Oxidative Reactive Intermediates from Raloxifene

Scheme 2
Scheme 3 using alternately, (i) the quantitation of tagged proteins in incubations with SERM-COATag and (ii) the quantitation of tagged proteins in incubations with SERM and IAtag allow assay of protein adduction and protein oxidation + adduction, respectively. Covalent modification of proteins is usually seen as an undesirable property of xenobiotics, with potential consequences such as altered enzyme activity, gene transcription, cell signaling, protein turnover, or disruption of cytoskeletal integrity (17) . For several xenobiotics, protein modification and enzyme inactivation might be the primary mechanism of toxicity (18) . However, protein modification not only elicits cytotoxic/genotoxic pathways but can also induce chemopreventive mechanisms (19) . Since SERMs are intended for long-term therapy in healthy but at risk women, there is a need to identify and examine protein covalent modification and to understand the influence of SERM structure on modification and the identity of protein targets. Herein, the application of a novel COATag is reported in combination with an IAtag in the study of modification of both isolated model proteins and proteins in liver microsomes. A raloxifene COATag was selected for this proof-of-principle study, providing for the first time identification of a number of proteins that are covalently modified by the oxidative metabolites of a SERM, formed in situ in a tissue microsomal system.
Experimental Procedures
Materials. All solvents and chemicals were purchesed from Aldrich Chemical (Milwaukee, WI), Fisher Scientific (Itasca, IL), or Sigma (St. Louis, MO) unless stated otherwise. Trypsin (sequencing grade) was purchesed from Promega (Madison, WI), and NAP 5 columns and ECL were from Amersham Biosciences (Piscataway, NJ). LC-Biotin, IAtag, and UltraLink Immobilized Monomeric Avidin were obtained from Pierce (Rockford, IL). NuPAGE precast gels and XCell SureLock Mini-Cell were purchesed from Invitrogen (Carlsbad, CA). hGST P1-1 (EC 2.5.1.18) was prepared as described previously (20) . GRP78/Bip and mGST1 antibodies were the generous gifts of Dr. Sylvie Y. Blond (University of Illinois at Chicago, IL) (21) and Dr. Brian M. Bennett (Queen's University, Kingston, ON, Canada) (22) , respectively. 4-OHEN was synthesized by treating equilin with Fremy's salt as described previously (9) . Densitometric quantitation of western blot images was carried out using Scion Image (Scion, Frederick, MD). All western blots shown are representative of triplicate analyses (2 µg proteins/lane).
Synthesis. The raloxifene COATag synthesis is described below (Scheme 3). In this paper, the "COATag" refers to the raloxifene COATag, since this is the only example of a COATag studied in this work. The COATag was characterized and assayed for purity in subsequent batches by HPLC using UV and MS detection (see the Supporting Information).
Synthesis of Raloxifene COATag. 6-Methoxy-2-(p-methoxyphenyl)benzo[b]thien-3-yl p-Methoxyphenyl Ketone (I). Compounds I and II were synthesized by adaptation of literature procedures (Scheme 3). Briefly, p-anisoyl chloride (1.54 g, 9.00 mmol) was added to a cold solution of 6-methoxyphenyl-2-(4-methoxyphenyl)benzo[b]thiophene (1.62 g, 6.00 mmol) in anhydrous CH 2Cl2 (100 mL). To this mixture, AlCl3 (1.20 g, 9.00 mmol) was added and stirred for 1 h. The reaction mixture was poured into ice water (150 mL) and extracted with CH2Cl2. The organic layer was washed with 1 M NaOH and brine and dried over Na2SO4. After the solvent was removed, the crude product was purified by flash chromatography on a silica column first by ethyl acetate/hexanes (3:7, v/v) and then by methylene chloride/ethyl acetate (19:1, v/v) to yield 2.0 g (83%) of compound I. 1 (4-Hydroxyphenyl)[6-methoxy-2-(4-methoxyphenyl)benzo[b]thien-3-y]methanone (II). A solution of compound I (0.4 g, 1 mmol) in dry DMF (2 mL) was added to a solution of sodium ethanethioate (1.5 mmol in 3 mL of DMF). The reaction mixture was heated at 80°C for 4 h and then cooled to room temperature. Ethyl acetate (10 mL) and water (10 mL) were added to the mixture. After neutralization with 1 M HCl, the reaction mixture was extracted with ethyl acetate (3 × 30 mL). The organic layer was removed, washed with brine, and dried over Na2SO4. After the solvent was removed, the crude product was purified by flash chromatography on a silica column with ethyl acetate/hexanes (3:7, v/v) to yield 0.35 g (89%) of compound II. 1 88 mmol) in dry CH2Cl2 (15 mL) under Ar was cooled in an ice-2-propanol bath and then BBr3 (1 M in ether, 15 mL) was added. After it was removed from the ice bath, the mixture was stirred vigorously for 3 h at room temperature and then quenched with ice water (5 mL). The residue was dissolved by adding 5% methanol in ethyl acetate (50 mL). The organic layer was washed with saturated NaHCO3 (2 × 50 mL) and brine (2 × 50 mL), dried over Na2SO4, and concentrated. The crude product was further purified by flash chromatography on SiO2 using methylene chloride/methanol/ ammonia (aqueous) (8:1:0.1, v/v/v) as the mobile phase to give IV (0.6 g) as a yellow solid (79%). 1 745.6 (100%). The final product was assayed for purity using HPLC separation using a binary solvent system consisting of A, 0.1% formic acid in H2O, and B, 0.1% formic acid in 100% acetonitrile performed on a 3.0 mm × 150 mm Zorbax SB-C18 column (Agilent, Palo Alto, CA) at a flow rate of 0.4 mL/min ( Figure S1 ). The gradient was as follows: 10 min linear gradient from 10 to 20% B, 30 min linear gradient from 20 to 40% B, 5 min linear gradient from 40 to 95% B, isocratic 95% B for 5 min, and finally a 2 min gradient back to 10% B. Detection was by UV absorbance (288 nm) and by extraction LC-MS-MS ion selective monitoring (m/z ) 745.5) using an Agilent ion trap.
Modification of Human Glutathione S-Transferase P1-1. A solution containing hGST P1-1 (10 µM), IAtag, or raloxifene COATag (30 µM) and various adjuvants in 50 mM phosphate buffer (pH 7.4) was incubated for 30 min at 37°C. The reactions were terminated by chilling in an ice bath followed by the addition of -mercaptoethanol (0.2 mM). The mixture was either loaded directly onto 12% NuPAGE gel for electrophoresis and then transblotting to the PVDF membrane for western blot analysis or passed through a NAP-5 desalting column to further remove excess IAtag for trypsin digest and mass spectrometric analysis.
Mass Spectrometric Analysis of Modified Peptides from hGST P1-1. After removing excess raloxifene COATag or IAtag, the protein mixture was diluted in ammonium bicarbonate (50 mM, 500 µL, pH 8.5) and digested by trypsin (0.5 mg/mL, 100:1, v/v) overnight at 37°C. The resulting peptide mixture was passed through an avidin affinity cartridge (Applied Biosystems, Foster City, CA). The cartridge was washed and eluted according to the manufacturer's instructions. The eluate was identified by using a Thermo Electron (San Jose, CA) LCQ Deca ion trap mass spectrometer equipped with a Surveyor MS pump, autosampler, and a Vydac (Hesperia, CA), 5 µm, 300 Å, C 18 column (250 mm × 1.0 mm). The mobile phase consisted of the following: solvent A, 5% acetonitrile, 94.9% water, and 0.1% formic acid; solvent B, 5% water and 94.9 and 0.1% formic acid. After isocratic solvent A for 5 min, a 60 min linear gradient was used from 0 to 60% solvent B. Peptides were identified using Web-based Mascot database (http:// prospector.ucsf.edu) searching and MS/MS fitting.
Modification of Proteins in Rat Liver
Microsomes. Female Sprague-Dawley rats (200-220 g) were obtained from Sasco (Omaha, NE). The rats were pretreated by intraperitoneal injections of dexamethasone, 100 mg/kg daily, for 3 consecutive days to induce the P450 3A isoenzymes, prior to sacrifice on day 4. Rat liver microsomes were prepared, and protein and P450 concentrations were determined as described previously (23) . A solution containing the raloxifene COATag (30 µM), rat liver microsomes (1 nmol P450/mL, 1.5 mg protein/mL), and a NADPH-generating system (consisting of 1.0 mM NADP + , 5.0 mM MgCl2, 5.0 mM isocitric acid, and 0.2 unit/mL isocitrate dehydrogenase) in 50 mM phosphate buffer (pH 7.4) was incubated for 30 min at 37°C. For control incubations, either NADP + or raloxifene COATag was omitted. The reaction mixture was quenched by -mercaptoethanol (0.2 mM), and the mixture was either loaded directly onto NuPAGE for electrophoresis or centrifuged (17000g) at 4°C for 1 h to remove the nonsoluble proteins. The supernatant was concentrated by ultrafiltration through a 5000 MW cutoff membrane (Millipore, Bedford, MA) and then passed through a NAP-5 desalting column to remove excess raloxifene COATag prior to avidin bead affinity separation. Incubations were also carried out with NADPH in place of the enzymic NADPH generating system, with analysis carried out by western blotting as described below.
Detection of Modified Proteins by NuPAGE-Western Blotting. The modified proteins were separated using a 12% or 4-12% NuPAGE gel with MOPS running buffer. The gels were either stained with Coomassie G250 or transferred by electroblotting onto PVDF membranes using XCell SureLock Mini-Cell according to the manufacturer's instructions. The membranes were blocked by 1% BSA in 0.5 × TBST for 1 h at room temperature followed by washing the membranes three times at 5 min intervals. The membranes were incubated at room temperature with HRP-conjugated streptavidin (1:20000 dilution) and ECL for 1 h and 5 min, respectively. The membranes were exposed to film for 3 s to 5 min before development.
Avidin Affinity Chromatography. Rat liver microsomes (2.5 mL, 20 mg protein/mL) were incubated with raloxifene COATag as described above. The separation of biotinylated proteins from the unbiotinylated proteins was performed on an Ultralink Immobilized Monomeric Avidin column according to the manufacturer's instructions. Briefly, 15 mL of monovalent avidin beads (33% slurry) was packed onto a column to yield 5 mL of packed gel, which was washed sequentially with 2 × 5 mL PBS (pH 7.2), 3 × 5 mL biotin buffer (2 mM D-biotin in PBS) to block any nonreversible biotin binding sites, 3 × 5 mL glycine buffer (0.1 M glycine, pH 2.8), and finally 2 × 10 mL PBS again. The protein mixture (4 mL) was incubated on the column containing the washed avidin beads overnight at 4°C or for 30 min at room temperature, with continuous rotation (both methods giving comparable results). The beads were allowed to settle for at least 30 min and washed extensively with 4 × 5 mL PBS to remove unbiotinylated proteins, followed by 4 × 5 mL biotin buffer to elute biotinylated proteins, and finally 4 × 5 mL glycine buffer to regenerate the column. The biotinylated protein elute was concentrated to 250 µL by ultrafiltration through a 5000 molecular weight cutoff membrane and stored at -75°C until analysis.
Control experiments were performed with rat liver microsomes (2.5 mL, 20 mg protein/mL) in phosphate buffer (17.5, pH 7.4) incubated without raloxifene COATag for 30 min at 37°C
. The mixture was centrifuged (17000g) at 4°C for 1 h to remove the nonsoluble proteins. The supernatant was concentrated by ultrafiltration through a 5000 MW cutoff membrane (Millipore, Bedford, MA). The protein mixture (4 mL, 2 mg/mL) was incubated on the pretreated avidin column (5 mL) for 30 min. The column was washed extensively with 10 × 5 mL PBS to remove unbiotinylated proteins, followed by 10 × 5 mL biotin buffer to elute biotinylated proteins, and finally 10 × 5 mL glycine buffer to regenerate the column. The biotin eluate was concentrated by 5000 MW cutoff membrane to 100 µL, 20 µL of which was used for gel electrophoresis. A second control protocol was employed in which the avidin column was washed with 10 × 5 mL phosphate buffer (0.1 M K2PO4, 1 M NaCl, and 0.1% Tween 20, pH 5.0) to remove unbiotinylated proteins, followed by 10 × 5 mL biotin buffer to elute biotinylated proteins, and finally 10 × 5 mL glycine buffer to regenerate the column. In both control protocols, a comparison was made with microsomes incubated with the COATag. Western blotting was used to visualize biotinylated proteins and Coommassie blue to visualize total protein.
Mass Spectrometic Analysis of Tryptic Digests.
The concentrated biotinylated proteins (200 µL) from rat liver microsomes were separated by electrophoresis as described above. The gel was stained by Coomassie blue, excised, and digested with trypsin as described previously (24) . Two methods were used to identify the biotinylated proteins. Method A: The protein digest from band 1 (0.5 µL) was mixed with 0.5 µL of CHCA matrix solution (10 mg/mL of R-cyano-4-hydroxycinnamic acid in 1:1 water/acetonitrile containing 0.1% TFA). The mixture (0.5 µL) was spotted onto the MALDI sample stage and airdried prior to analysis. Positive ion MALDI-TOF mass spectra were acquired using an Applied Biosystems Voyager DE-Pro mass spectrometer operated in reflection mode. After timedelayed extraction, the ions were accelerated to 20 kV for TOF mass spectrometric analysis. After peak detection, the peptide mapping data were compared to the NCBI database using MSFit. Method B: The peptide mixture from band 2 (60 µL) was injected onto a reversed phase column (75 µm i.d. Zorbax Stablebond, 300 Å pore) (Agilent, Palo Alto, CA) connected to an Agilent 1100 nano/capillary LC/MSD XCT system, equipped with an orthogonal nanospray interface and a nanopump. The samples were separated by HPLC using a binary solvent system consisting of A, 0.1% formic acid and 5% acetonitrile in H2O, and B, 0.1% formic acid in 100% acetonitrile, at a flow rate of 300 nL/min. A gradient was used from 15 to 55% B over 60 min. The mass spectrometer was operated in positive ion mode with source conditions: Vcap, 4500 V; drying gas flow, 4 L/min; drying gas temperature, 230°C; and CapEx, 90 V. Proteins were identified using Mascot database searching of parent and daughter ions and reported as a probability score (see Supporting Information for details).
Results
Proof-of-Principle I: Model Protein Modification by IAtag. Recombinant human GST P1-1 was chosen as a model protein to study protein modification. The directacting, electrophilic IAtag is predicted to covalently modify one or more cysteine residues. hGST P1-1 contains four cysteine residues (Cys-14, Cys-47, Cys-101, and Cys-169) and is sensitive to thiol group modification, particularly at the Cys-47 and Cys-101 positions. Both of these cysteine residues were reported to be selectively labeled by the thiol-directed reagent, 7-fluoro-4-sulfamoyl-2-1,3-benzodiazole (25) . Inactivation of hGST P1-1 by N-(4-anilino-1-naphthyl)maleimide was previously reported to be accompanied by modification at Cys-47 (26): Cys-47 alkylation has been reported to prevent GSH binding at the active site (25) . In our studies, hGST P1 cysteine oxidation (Figure 2) . Similarly, oxidation or adduction of cysteine residues by a quinoid metabolite would be expected to be manifested by a loss of intensity of the IAtagged protein in the western blot. In confirmation, incubation of hGST P1-1 with nanomolar to micromolar concentrations of the equine estrogen metabolite, 4-OHEN, resulted in reduced IAtagged protein ( Figure  2 ). This result is consistent with previous reports of oxidation and covalent modification of proteins including hGST P1-1 by 4-OHEN (27) . No evidence of S-oxidation of biotin itself was observed under these conditions that might perturb the analysis, in accord with a previous report (16) . expected for the modified peptide ion were detected using MS-MS, which were shifted by +742, corresponding to the mass of the COATag, and y ions (y 3 and y 5 ) were also observed confirming the peptide sequence (Figure 3) . To verify that modification of hGST P1-1 was selective for Cys-47, LC-MS-MS with constant neutral loss monitoring for elimination of the tag ([MH-503] + ) was carried out on the peptide digest: Only one peptide was detected at 45.1 min corresponding to [ASC 47 LYGQLPK]raloxifene COATag. As observed with the IAtag, extended coincubations of hGST P1-1 with the COATag plus tyrosinase will yield modification of further cysteine residues.
Proof-of-Principle III: Modification of Tissue Proteins by COATag. The cytochrome P450-mediated bioactivation of raloxifene has been proposed to be catalyzed by P450 3A isozymes (8, 13) . Therefore, microsomes (1.5 mg/mL) isolated from rats that were treated with dexamethasone to induce P450 3A isozymes were used as a model system to identify the target proteins of raloxifene in the liver. Western blots of microsomal incubations of raloxifene COATag (30 µM) with an NADPH-generating system showed concentration dependence of protein modification on added NADP + ( Figure 4A ). Similar results were obtained with direct addition of NADPH ( Figure 4B ). In both experiments, low level modification of proteins (∼60 kDa) was observed without addition of cofactors, compatible with basal oxidative activity that is not nicotinamde cofactor dependent.
To identify the major microsomal protein targets, the raloxifene COATagged peptides were concentrated by using immobilized avidin. The efficiency of this enrichment and the degree of protein modification by raloxifene COATag are seen by comparison with the protein content of the PBS avidin eluate (Figure 5A ,B; lane b) and the biotin-displaced avidin eluate (Figure 5A,B; lane c) . The nonspecific retention of un-COATagged proteins on the avidin beads is a possibility that was addressed by running control reactions of microsomal incubations in the absence of the COATag. Control reactions that used avidin washing by PBS, followed by protein elution using a biotin eluant, did show very low level retention on avidin of some protein bands. Washing with PBS, of higher ionic strength and containing surfactant, was successful in removing all unmodified protein that was visible using Coomassie blue staining ( Figure 5C ; lane b) but also resulted in elution and loss of COATagged protein. Clearly, the intelligent use of elution conditions is indicated in order to support the identification of avidin-captured proteins as being covalently modified.
On the basis of avidin capture and western blots, two major microsomal protein bands were identified ( Figure  5A ,B) and constituent proteins were analyzed by mass spectroscopy. For this proof-of-principle study, after in gel digestion, two methods of mass mapping of digested peptide fragments were selected as follows: (i) MALDI-TOF analysis of band 1 proteins and (ii) electrospray MS-MS analysis of band 2 proteins. Two proteins were rigorously identified in the MALDI-TOF experiments using duplicate analyses (see Supporting Information), based upon peptide matching, protein coverage (Table 1) , and the excellent matching of all major fragments in the MALDI-TOF spectrum ( Figure 6 ). LC-MS-MS peptide mass mapping is seen as a more rigorous technique for protein identification, which on the basis of probability scores indicated two proteins in band 2 (Table 1 and  Supporting Information) .
Mass spectrometric analysis of the two major protein bands identified four proteins: GRP78 (band 1), protein disulfide isomerase isozyme A4 (72 kDa, ERp-72, band 1), protein disulfide isomerase isozyme A1 (57 KDa, PDIA1, band 2), and protein disulfide isomerase isozyme A3 (57 kDa, ER60, band 2). The identity of GRP78 was confirmed by immunolabeling with anti-GRP78 polyclonal antibody (20) . Furthermore, microsomal GST 1 (mGST1) was identified by immunolabeling of the raloxifene COATagged microsomal proteins with anti- mGST1 Ab after concentration on immobilized avidin ( Figure 5D and band 3 in Figure 5A ) (22) . A further control reaction was performed using anti-mGST1 to test for nonspecific retention of mGST1 by avidin, which was negative within the detection limits of the immunoblot. Experiments with a P450 3A1 mAb (Oxford Biomedical Research, Oxford, MI) showed no immunoreactivity toward COATagged proteins concentrated from the microsomal milieu using avidin beads.
Discussion
Both HRT and SERM therapy target estrogen receptors to modulate estrogenic activity, either through antiestrogenic effects in treating and/or preventing breast cancer or through proestrogenic effects supplementing natural estrogens in perimenopausal and postmenopausal conditions. Since many such therapies entail longterm drug treatment and because of demonstrated health risks associated with the drugs themselves, including carcinogenesis, extensive study of potential toxic mechanisms is vital (1, 4, 5, 7, 28) . The constituents of HRT agents and many SERMs are polyaromatic phenols (Scheme 1). The prototypical SERM, tamoxifen, is oxidized by cytochrome P450 to the polyaromatic phenolic active metabolite, 4-hydroxytamoxifen, that is further oxidized to quinoids (29) . Similarly, equilenin, raloxifene, acolbifene, and arzoxifene are bioactivated to quinoid metabolites that have been shown to form adducts with GSH and nucleic acids (8, 11, 13, 30) . Quinoid reactive intermediates are able both to act as electrophilic Michael type acceptors toward cellular nucleophiles and to redox cycle leading to depletion of cellular reductants and generation of reactive oxygen species (ROS) (31). Covalent modification of proteins by quinoids and other reactive intermediates, formed from xenobiotics, is usually regarded as undesirable. Detrimental, functional consequences potentially include disruption of enzyme activity, gene transcription, cell signaling, protein turnover, and cytoskeletal integrity (17, 18) . However, protein modification may also result in the induction of stress response, defense mechanisms that may represent chemopreventive pathways. The identification of covalently modified proteins is essential before the functional consequences of such modification can be examined.
Traditionally, radiolabled substrates have been used to identify alkylated proteins. For example, radiolabeled proteins, including those tentatively identified as P450s, were detected in human liver microsomes treated with radiolabeled tamoxifen (32) . Direct addition of the radiolabeled 3,4-catechol metabolite confirmed P450 modification in liver microsomes and suggested that other proteins might also be modified (33) . In response to the inherent limitations of the radiolabeling technique, direct mass spectrometric evidence was recently sought and obtained for the covalent modification of cytochrome P450 3A4 by two model xenobiotics (14) .
Recent strategies have been reported describing biotinlinked electrophiles used to tag and identify proteins, and estrogens derivatized to covalently modify nucleic acids (34) (35) (36) . Several probes are commercially available in which a thiol-directed electrophile is linked to biotin, such as the iodoacetamide "IAtag" used in this study. These probes are intrinsically reactive electrophiles that will covalently tag cysteine residues; however, a COATag (covert oxidatively activated tag) is a biotin-linked xenobiotic that is not an intrinsic electrophile but which requires bioactivation. A COATag of the SERM raloxifene was selected for this proof-of-principle study. The COATag is predicted to be unreactive toward cellular nucleophiles without oxidative activation by cellular constituents. Exploitation of the high affinity recognition of immobilized avidin for biotin facilitates trapping and enrichment of tagged proteins; the use of streptavidin-HRP (or anti-biotin-HRP) facilitates sensitive quantitation of modified protein (Scheme 2) (37). A COATag may therefore be used as a probe of protein covalent modification.
Xenobiotics, such as raloxifene, that do not possess a convenient carboxylate or amino group suitable for trivial conjugation to commercially available biotin tags, require de novo synthesis of COATags; this was achieved in the case of raloxifene by substitution of the piperidyl by an amino group (Scheme 3). Factors in COATag design include the properties of the linker moiety (which should be insensitive to bioactivation) and minimizing the disruption of the metabolic and oxidative reactivity of the parent xenobiotic. The SERMs, including raloxifene, are particularly attractive candidates for the COATag approach, because the amine side chain provides a site of modification that is remote from the polyaromatic phenolic moiety that is susceptible to oxidative metabolism to a quinoid. All preliminary data are compatible with similar oxidative metabolic profiles for raloxifene and its COATag, at least in liver microsomes. It was postulated that COATag activation by innate cellular oxidative systems would lead to covalent protein modification, but unanswered questions remained over the identity of the proteins and over the reactivity, diffusion, and localization of short-lived, xenobiotic-derived reactive intermediates.
The hypothesis posits that (i) protein modification by the raloxifene COATag would occur only in the presence of an oxidizing system; in contrast, (ii) protein modification by IAtag would be reduced in the presence of an oxidizing system that results in protein thiol oxidation (16, 38) . 4-OHEN, a major phase I catechol metabolite of the equine estrogens equilenin and equilin, has been shown to oxidize, covalently modify, and inactivate several phase I and phase II enzymes including hGST P1-1 (27) , an enzyme of relevance to detoxification of xenobiotics and endogenous catechols and quinoids (39) . As a result, hGST P1-1 was chosen as a model protein to study covalent modification and protein oxidation, using the IAtag and the novel raloxifene COATag as probes.
Incubation of hGST P1-1 with both millimolar H 2 O 2 and micromolar 4-OHEN led to concentration-dependent modification of protein thiols as quantified by the IAtag (Figure 2) . As shown by our previous work, 4-OHEN modifies hGST P1-1 protein cysteine residues by oxidation and alkylation (27) . 4-OHEN autoxidizes in aerobic solution with a half-life of 4 min, yielding superoxide and o-quinone; the latter is able to alkylate and oxidize thiol groups and to redox cycle (9) . Although we have shown that raloxifene can be oxidized by tyrosinase and by liver microsomes to a diquinone that is trapped by GSH, raloxifene does not readily form o-quinones (40) . Moreover, unlike 4-OHEN, raloxifene does not readily autoxidize to a quinoid reactive intermediate; therefore, raloxifene alone does not modify hGST P1-1.
Incubation of hGST P1-1 with raloxifene COATag in the presence of tyrosinase led to covalent modification of hGST P1-1 with dependence on incubation time and tyrosinase concentration (Figure 2 ). Subsequent LC-MS-MS analysis showed that the raloxifene COATagged protein was modified selectively at Cys-47 ( Figure 3) , whereas IAtagged protein, similarly analyzed, was selectively modified at Cys-47 and Cys-101 (Figure 1 ). This is consistent with literature reports that Cys-47 is the most reactive sulfhydryl group toward covalent modification (26) . On the basis of previous studies with raloxifene, the site of attack on raloxifene, itself, by protein thiol is expected to be C7 of the benzothiophene ring (40, 41) . LC-MS-MS analysis of incubations of hGST P1-1 with tyrosinase and raloxifene, itself, showed qualitatively the same behavior (data not shown), suggesting that the biotin linker moiety does not have a significant influence on reactivity. The observations with GST P1-1 demonstrate that the combination of oxidative enzyme (i.e., tyrosinase) with a COATag allows identification of sites of protein modification by oxidatively labile xenobiotics using mass spectrometric analysis. The raloxifene COATag facilitates the observation and quantitation of labeled protein via western blot in addition to enrichment of modified protein for improved mass spectrometric analysis using avidin capture, but these benefits are best realized in a more complex biological milieu, such as tissue microsomes.
A dexamethasone-induced rat liver microsomal preparation was selected because of the enrichment of the P450 3A isoform in this preparation and the known activity of cytochrome P450 3A toward raloxifene oxidative bioactivation (13, 40) . Microsomal incubation of the COATag resulted in basal low level protein modification (possibly associated with a peroxidase activity), with an NADPH-dependent microsomal oxidase activity substantially increasing the level of protein modification (Figure 4) . The concentration dependence of the amount of modified protein upon NADPH, the cofactor required for cytochrome P450 oxidase catalysis, suggests that this enzyme is largely responsible for oxidative activation.
The COATag allows capture and concentration of modified proteins on avidin beads, the integrity of which was tested by appropriate control experiments ( Figure  5 ). Analysis of the most intense protein bands by western blotting and dye staining identified two overlapping proteins in each band ( Figure 5 ). After avidin capture, digestion, and mass spectrometric analysis of the microsomal proteins (Scheme 2), these two bands and a further protein band were analyzed leading to identification of five proteins covalently modified by the raloxifene COATag (Table 1) . A variety of methods were used to provide proof-of-principle for the COATag methodology: (i) Band 1 was interrogated by MALDI-TOF, yielding identification of two proteins; (ii) the identity of one of the proteins in band 1 was confirmed by a specific antibody; (iii) two proteins were identified in band 2 using LC-MS-MS peptide mass mapping; and (iv) one protein was identified in band 3 using a specific antibody alone.
Two proteins were identified in band 1: Erp72 and GRP 78 (Table 1 ). ERp72 (PDIA4) is a protein disulfide isomerase (PDI)/thioredoxin family protein, which possesses significant redox and disulfide-isomerase activity and is an abundant, stress inducible, calcium binding protein (42, 43) . PDIA4 contains three reactive thiol WCGHCK motifs and is known to be covalently modified by a variety of xenobiotics (44, 45) . GRP78 (BiP) is a nonglycosylated ER resident protein that is involved in polypeptide translocation, protein glycosylation, protein folding, and membrane protein assembly (42, 46) . GRP78 has ATPase activity that is coupled to the protein folding and chaperone activities. One cysteine residue is located in the C30 peptide recognition domain and one in the ATPase active site. GRP78 is related to the hsp70 family of heat shock proteins and is constitutive in all eukaryotic cells but is upregulated and activated in response to cellular insults, including heavy metals, alkylating agents, and other factors. GRP78 levels have been shown to be a reliable biomarkers of hypoglycemia (47) as well as serving a neuroprotective function in neurons exposed to glutamate and oxidative stress (48) . Induction of GRP78 is a cellular defense mechanism, providing subsequent protection against oxidative and other stresses. However, protein induction concomitant with loss of function by protein covalent modification will diminish cellular protection. In addition, the induction of GRP78 has been associated with the development of drug resistance to antitumor agents (49) .
Two proteins were identified in band 2 ( Figure 5 and Table 1 ). The 57 kDa PDIA1 is a major component of the endoplasmic reticulum (ER) comprising 3-5% of microsomal protein, which serves a number of functions including catalysis of disulfide bond formation (42, 43) . PDI proteins catalyze thiol disulfide exchange reactions leading to disulfide bond formation, isomerization, or reduction of substrate proteins (50) . Rat PDIA1 contains six cysteine residues and has four thioredoxin-fold domains, the latter containing two redox sensitive dithiol/ disulfide WCGHCK sequences (42, 46, 51) . Each WCGH-CK sequence provides one highly reactive thiolate site that will be reactive toward either alkylation or oxidation.
The 57 kDa ER60 (ERp60, PDIA3) ER resident protein is a member of the PDI/thioredoxin family that resembles PDIA1 in size. ER60 has seven cysteine residues, including two thioredoxin family, WCGHCK dithiol active site domains such as PDIA1. ER60 is multifunctional and acts as a disulfide isomerase and a Ca 2+ -dependent chaperone or antichaperone in protein binding and folding (52) . The PDI family proteins are common in the lumen of the ER and have also shown protein crosslinking activity.
The use of specific antibodies to identify raloxifene COATagged proteins enriched by use of immobilized avidin is an additional use of the raloxifene COATag technology. The identity of GRP78 in band 1 was confirmed by use of anti-GRP78. Furthermore, the relatively weak band corresponding to a 17 kDa protein was identified as microsomal glutathione S-transferase-1 (mGST1, 17 kDa) by use of anti-mGST1 ( Figure 5 ). The reaction of the raloxifene COATag with mGST1 was expected on the basis of the abundance of this protein in rat liver microsomes and its function in xenobiotic binding and detoxification. mGST1 is involved in cellular defense against toxic, carcinogenic, and pharmacologically active electrophilic compounds and catalyzes the conjugation of glutathione to electrophiles and the reduction of lipid hydroperoxides. This protein is localized to the ER and outer mitochondrial membrane where it is thought to protect these membranes from oxidative stress.
The five proteins identified as liver microsomal targets for quinoid metabolites of raloxifene, formed by microsomal NADPH-dependent oxidation, are all relatively abundant in the ER. The three proteins of the PDI/ thioredoxin family are also rich in reactive thiolate dithiol-disulfide sites. The fact that modified mGST was observed confirmed our hypothesis that mGST plays a role in the detoxification of raloxifene metabolites and also serves as a target protein. However, the cytochrome P450 3A isozyme, known to oxidize raloxifene leading to suicide inhibition, was not identified as a modified protein, by either MS-MS analysis or immunoassay with an anti-P450 3A1 antibody. Since this isozyme is known to be inactivated in vitro by raloxifene (13) , it is possible that oxidation at the active site results from ROS generated by the quinoid metabolites, but further study with purified protein is indicated.
Although this study was designed to obtain proof-ofprinciple, several interesting observations are made. Protein selectivity for covalent modification can be dictated by both the protein concentration and the availability of reactive thiolate residues; however, features of the xenobiotic reactive intermediate are also factors, including the lifetime, the cellular localization, the specific protein binding, and the intrinsic rate of reaction of the reactive intermediate with protein thiols. The observation that raloxifene covalently modifies a number of liver microsomal proteins clearly confirms that the quinoid intermediates are of sufficient lifetime to diffuse from the protein responsible for their formation (presumably P450 3A isozymes). The raloxifene diquinone methide is short-lived (t 1/2 < 1 s) relative to related quinoids (diquinone methides, quinone methides, and o-quinones) (31, 40) ; for example, the quinone methide from 4-HOtamoxifen has a half-life of several hours (53) . The reactivity of the raloxifene diquinone is therefore predicted to be of low selectivity. Qualitative comparison of unmodified microsomal proteins with COATagged proteins does suggest that the raloxifene COATag is poorly selective, reacting with the most abundant microsomal proteins (compare lanes c and d of Figure 5C , respectively).
An intuitively attractive theory has been postulated based upon correlation of reactivity vs cytotoxicity of quinone methides, whereby (i) short-lived, reactive electrophiles are expected not to be selective in their reactivity and to react with the progenitor oxidative enzyme or with solvent, whereas (ii) long-lived species are expected to be reactive only to activated systems designed for detoxification. Thus, cytotoxicity was predicted for species with intermediate in vivo half-life (10 s < t 1/2 < 10 min) (54) . The use of COATags will clarify and refine this postulate, but even the short-lived raloxifene quinone methide is clearly able to diffuse sufficiently to allow reaction with a variety of proteins in the microsomal milieu. These preliminary data predict that other SERMs and HRT components such as equine estrogens will readily cause protein modification.
A large number of proteins have been identified as targets for hepatotoxic xenobiotics, mostly from studies with halothane, acetaminophen, and bromobenzene, the latter two forming quinoids responsible for protein modification (42, 44, 55) . Among the proteins identified as targets for raloxifene, PDIA1 is also a target for all three aforementioned xenobiotics, PDIA3 adducts with acetaminophen and bromobenzene have been reported, and GRP78 was shown to be modified by halothane and bromobenzene. Protein covalent modification has been implicated in the toxicity of various hepatotoxins; and modification of essential thiol residues will inhibit protein function. Conversely, xenobiotics that form reactive intermediates capable of alkylation and oxidation of thiol groups on sensor proteins, such as Keap1, are able to induce cellular defense pathways, such as those elicited via the antioxidant response element (ARE) (19, 56) . Keap1 acts as a sensor protein for oxidative/electrophilic stress, is induced by electrophilic Michael acceptors (of which quinone methides are an example), and is a drug target for chemopreventive agents. Identification of the proteins modified by xenobiotic reactive intermediates is essential to define cytoprotective, chemopreventive, and cytotoxic activity. In the case of equilenin and the SERMs that are readily oxidized to quinoid metabolites and are intended for long-term clinical use, identification of protein targets is especially important and greatly facilitated by the COATag methodology as demonstrated herein.
